I. INTRODUCTION
Microemulsions are thermodynamically stable ternary mixtures consisting of water, oil, and surfactants ͓1,2͔. The stability of these phases results from a subtle competition between the entropy of mixing and the elasticity of the surfactant film ͓3,4͔ separating water from oil domains. If a film is very asymmetric with a strong preferred curvature c 0 ,i t will preferentially form droplets with radii closed to c 0 −1 ͓3͔, whereas if it is symmetric and flexible or weakly asymmetric, its local curvature may strongly fluctuate. This leads to multiply connected networks of oil and water, separated by surfactant monolayers ͓5-7͔. If the static properties of these phases are now well understood, their dynamical properties are by comparison still largely unexplored and remain for some of them so far still controversial.
In the dilute regime, the dynamical behaviors of droplets have been studied mostly using light scattering and spin echo neutron scattering. At low dilutions, light scattering measurements permit to obtain the hydrodynamic size as well as the hydrodynamic interactions between droplets ͓8͔, whereas spin echo measurements give information on the droplet shape fluctuations ͓9͔. However, much less work has been spent to study the dynamics of concentred systems made of droplets. To the best of our knowledge, these few studies have mostly been limited to water-in-oil ͑W/O͒ systems for which the interactions between droplets are attractive ͓10͔.In such systems, where droplets can be modelled as adhesive quasimonodisperse spheres, percolation and phase separation phenomena are commonly encountered ͓11-14͔. Although, the observations of a long-time diffusive relaxation mode, by means of quasielastic light scattering, has been reported by several groups for attractive droplets ͓15-17͔. The dynamical behavior differs whether the solutions are far from or close to the percolation threshold. Although in both cases, the intensity correlation measured by quasielastic light scattering measurements reveals a fast exponential decay associated to the collective diffusion of droplets, differences are noticeable at long times. For solutions far from the percolation line, the intensity correlation functions present another single exponential decay at longer times. This slow diffusive mode corresponds to the relaxation of droplet concentration fluctuations associated with composition and/or size. It occurs through the self-diffusion of individual droplets ͓15,17͔. Comparatively, solutions close to the percolation line show no longer a single exponential but instead a stretched exponential decay at long times ͓18͔. This behavior is characteristic of strongly interacting systems with many degrees of freedom, involving different relaxation channels ͓19͔. Indeed, the slow diffusive mode is herein related to the existence of polydispersed fractal clusters.
In this paper, we study the dynamic properties of a concentrated system made of oil-in-water ͑O/W͒ droplets. Contrary to W/O microemulsions, O/W droplets can be charged ͓20͔ and therefore present repulsive interactions leading eventually to the formation of long range ordered structures ͓21-23͔. Our present work investigates the influence of interactions on the slow dynamical properties of microemulsion systems. Using dynamic light scattering ͑DLS͒ experiments ͓24͔, we report the existence of two diffusing modes. We show that the slow relaxation mode is strongly correlated to the viscosity of the solution, since a generalized Stokes Einstein relationship holds, provided that the viscosity of the solvent is replaced by that of the solution.
ionic ͑NIS͒ and anionic ͑AS͒ surfactants. For NIS and AS surfactants we use SimsolP4 and Sulfosuccinate ͑AOT͒, respectively, purchased from Seppic and Fluka ͑France͒. Simsol P4 is a commercial non ionic surfactant containing mainly C 12 ͑EO͒ 4 . We study the phase diagram of this system for solutions where the respective weight ratios of AOT over Marcol oil and AOT over Simsol P4 are W = AOT/ Marcol =1/3 and X = AOT/ Simsol P4=1/2. At 25°C, the densities of AOT, Simsol P4 and Marcol 52 are, respectively, 1.13, 0.901, and 0.815 g / cm 3 . Solutions are prepared as follows. Marcol 52 and Simsol P4 are first mixed together and then added to AOT. The resulting mixture is heated at 70°C for a few minutes upon total dilution of AOT. Brine, prepared with Millipore water, is then added to our mixture and the obtained solution is left at rest for a few days.
Experiments and setup
For each experiment, the experimental cell is connected to a water bath allowing us to control the sample temperature to within 0.1°C ͓dynamic light scattering ͑DLS͒, viscosity, and conductivity measurements͔ or 0.01°C ͓small angle x ray scattering ͑SAXS͒ experiments͔.
DLS experiments are performed using a linear polarized Argon laser operating in air at = 488 nm and a temperature controlled cylindrical scattering cell. The scattered light is collected with a photon-counting photomultiplier tube for scattering angles , at 60°, 70°, 90°, 110°, 120°and 135°. Time correlation functions of the scattered light intensity g 2 ͑q , t͒ = ͗I͑q , t͒I͑q ,0͒͘ are accumulated in homodyne detection using a 288 channels multiple tau autocorrelator ͑ALV5000, Germany͒. The time autocorrelation function of the scattered light intensity can be related to the autocorrelation function of the electric field fluctuations g 1 ͑q , t͒ through
where ␥ which is the coherence factor of the experiment should ideally be equal to 1. However, because of the loss of coherence inherent to any experimental setup and due to possible multiple scattering, ␥ takes smaller values. In our experiments, the coherence factor is proven to be better than 0.9. We recall that q = ͑4n / ͒sin͑ /2͒, where n is the optical index of refraction of the scattering medium and is the scattering angle. Viscosity measurements are made with a commercial stress controlled rheometer ͑TA instruments AR1000, USA͒ using a Couette cell geometry. The rotor and stator radii of this cell are, respectively, 24 and 25 mm, while its height is 40 mm.
The conductivity and dielectric constants are measured as a function of the applied voltage frequency with a cylindrical cell using an impedance analyzer 4192A LF ͑Hewlett Packard͒ and a data acquisition board ͑National Instrument͒. With this setup, the frequency can vary between 5 Hz and 13 MHz.
SAXS experiments are performed on the ID2 beam line, at the European Synchroton Facilities ͑ESRF͒ in Grenoble, France. The wavelength of the incident monochromatic radiation and the beam size were, respectively, 0.1 nm and 100ϫ 300 m 2 . The scattered intensity is collected on a two dimensional detector placed 3 m away from the sample and recorded by an image intensified charge-coupled device detector with an active area of size about 230ϫ 230 mm 2 and a square pixel size ϳ0.175 mm.
III. RESULTS
A. Structure Figure 1͑a͒ shows the evolution of the SAXS patterns observed along a dilution line at T = 25°C for water volume content w ranging from 0.71 up to 0.92. The presence of a peak at q = q max reveals the existence in the solutions of a well defined correlation length d =2 / q max which corresponds to the mean distance between dispersed objects. As shown in Fig. 1͑b͒ , this distance increases with the water volume fraction.
Both this variation and the high value of the measured zero frequency conductivity ͓see in Fig. 1 , the variation of q max with d follows a power law q max ϳ d ␣ . The value 1 / 3 found for ␣ rules out the possibility that the structure of the microemulsion may consist of two dimensional membranes ͑␣ =1͒ or long cylinders ͑␣ =1/2͒. It instead proves that the microemulsion is made of quasimonodisperse globular O/W objects ͑d ϳ d −1/3 ͒. Another experimental fact in favor of this is obtained with conductivity measurements.
As shown in the inset of the Fig. 2͑a͒ , the variation of , the zero frequency conductivity, with d is well accounted by the obstruction factor of monodisperse spheres
2/3 ͒, where ␤ ϳ 1 is a numerical constant characteristic of the packing of the spheres and where s is the conductivity of the solvent. The electrical transport occurs because of the presence in the water solvent of cationic Na + ions; s should therefore be proportional to c Na + their concentration in solution. Assuming that all AOT molecules are ionized, we obtain c Na + ϳ c AOT , where c AOT is the molar concentration of AOT molecules per cm 3 . To check the validity of this assumption, we plot ͑ d ͒ as a function of c AOT ͑1−␤ d 2/3 ͒. As shown in Fig. 2͑b͒ and in its inset, an excellent agreement is found. The slope of the best linear fit has units of S cm 2 / mol and its value is very close to 50.1 S cm 2 / mol, the ion conductivity of Na + . Our experiments show that the microemulsion system consists of O/W droplets; due to the presence of ionized AOT in the solvent these droplets are charged ͓20͔. Figure 3 shows the phase diagram of the system as a function of d and the temperature. As previously discussed, for 0 Ͻ d Ͻ 0.4, the system is a O/W droplet microemulsion phase ͑region I 2 ͒. When d increases, the isotropic solutions become more and more viscous. At lower temperatures, for 0.3Ͻ d Ͻ 0.35, the solutions exhibit a so-called "ringing gel" behavior ͑see the I RG region in Fig. 3͒ . In this temperature region of the phase diagram, snapping the container with the solution inside leads to a "ringing" mechanical response similar to that of metals ͓25͔. In this region, the droplets present a long range order ͓26͔. For 0.4Ͻ d Ͻ 0.78, the system exhibits a lamellar structure ͑L ␣ ͒, well evidenced by both the presence of Bragg peaks in SAXS spectra and birefringence. For d Ͼ 0.78, the solutions are transparent and low viscous, exhibit no birefringence at rest or under flow and present a very low conductivity indicating that the structure is now of W/O type ͑region I 1 ͒.
Now that the structure is well characterized, let us turn to the dynamic properties of the O/W microemulsion in the I 2 region of the phase diagram ͑i.e., for 0 Ͻ d Ͻ 0.4 at T =25°C͒. Figure 4 shows the normalized time autocorrelation functions of the electrical field at an angle of 90°for different values of d in the I 2 region of the phase diagram. As evident, our systems are ergodic and therefore at equilibrium since for each graphs, lim t→ϱ g 1 ͑t͒ =0.
B. Dynamic properties
To analyze the two relaxation modes easily distinguishable when d Ͼ 0.1, we first fit our data with the sum of a two exponential functions. For d ഛ 0.1, it is difficult to resolve two exponentials unambiguously, and in this case one apparent relaxation mode is observed ͓see the curve obtained for d = 0.22 in Fig. 4͑a͔͒ . Moreover, the DLS measurements performed in this very dilute region of the phase diagram give us another proof in favor of a droplet structure. The value of the diffusion coefficient D 0 obtained for d = 0.022 is equal to D 0 = 3.00ϫ 10 −11 m 2 s −1 . At such low dilution, this coefficient roughly corresponds to the self-diffusion coefficient of an isolated droplet. Using the Stokes-Einstein relationship, the hydrodynamic radius of droplets can therefore be obtained by R h = k B T /6 s D, where s and k B T, respectively, stand for the viscosity of the solvent and the thermal energy. The value, we found, R h ϳ 7.3 nm, is quite consistent with an estimation of the droplet radius inferred from the structure analysis with SAXS ͓26͔.
As shown in Fig. 4 , the analysis of the two relaxation modes via the fitting of our results with a sum of two exponential functions is in relatively good agreement with our experimental findings, indicating the existence of two well defined characteristic times in the system. Also, we analyzed the DLS results presented in Fig. 4 with an inverse Laplace transform method ͓see Fig. 4͑e͔͒ . As shown in this figure, the inverse Laplace method clearly demonstrates the existence of two characteristic times in the microemulsion system. For simplicity's sake, further in the article we analyze our DLS measurements with a sum of two exponential functions as it is usually done for this kind of study ͓27͔. The characteristic time s associated to slow relaxation mode, strongly increases with d , whereas the characteristic time f associated to the fast relaxation mode, remains quite constant. As depicted in Fig. 5 , both modes are diffusive since f and s , vary linearly with q −2 . The values of the two diffusion coefficients associated to both diffusing modes can be measured from the respective inverse slopes of the best linear fits f and s versus q −2 . D f , the diffusion coefficient associated to the fastest mode increases slightly with d ͑Fig. 6͒. In contrast, the decrease of the slow mode diffusion coefficient ͑D s ͒ with d is extremely strong. When d → 0, both diffusion coefficients tend towards the same value: D 0 ϳ 3.0ϫ 10 −11 m 2 s −1 , corresponding to the self-diffusion coefficient of one droplet and leading to the following value for the hydrodynamic radius of droplets R h ϳ 7.3 nm.
IV. DISCUSSION
The existence of two diffusive modes has already been reported for concentrated microemulsion systems exhibiting a bicontinuous structure ͓27͔ or consisting of attractive droplets ͓15,17͔, as well as for other systems such as protein dispersions ͓28͔ and charged colloidal silica or latex suspensions ͓29,30͔. A possible origin of the existence of such a phenomenon in concentrated systems has been proposed by Weissman cording to these authors, concentrated colloidal dispersions with a slight size or optical index polydispersity, may present two distinct diffusion modes in DLS measurements. The fastest mode is associated to the collective diffusion and the slow mode to the self-diffusion of particles. The collective diffusion relaxes a fluctuation of N, the local number density of droplets regardless of their scattering power. In such relaxation process, the distance between particles varies whereas their initial spatial arrangement remains identical, i.e., they keep the same nearest neighbors. The diffusion coefficient associated to this process is therefore directly related to ⌸, the osmotic pressure of the solution. It is given by the following relationship: D f = f‫ץ‬⌸ / ‫ץ‬N, where f stands for the particle mobility. For dilute solutions where the particles interact via an overall repulsive potential, D f increases weakly with d and can be written as
where D 0 is the infinite dilution value of the collective diffusion coefficient and ␣ is the first dynamical virial coefficient of D f ͑␣ = 1.45 for hard spheres ͓32͔͒.I nt h e d → 0 limit, one retrieves the Stokes-Einstein formula for a single particle D 0 = k B T /6 s R h . These predictions are in agreement with our observations for the fast mode.
Within this framework, once the number density of particles has relaxed to a homogeneous value, fluctuations of polarization may still persist because of local fluctuations of the relative proportion of the particles with different scattering power. In colloidal suspensions, such fluctuations can only relax through the self-diffusion of the different particles. Since, in the d → 0 limit, the value of the self-diffusion coefficient is set by the Stokes-Einstein formula, the diffusion coefficient associated with the fast mode ͑collective diffusion͒ and the slow modes ͑self-diffusion͒ are identical. This therefore explains the absence of two modes at low particle concentrations. Hence, the two diffusing modes can only be observed for high concentration when the interaction between particles becomes sufficiently large so that the two diffusion coefficients become distinguishable. The variation of the two diffusion coefficients with volume fraction is different. The self-diffusion coefficient describing polydispersity fluctuations should decrease strongly with d . Such a variation is easy to understand qualitatively. When a Brownian particle moves through a concentrated dispersion for some time, it feels on average a net friction force arising not only from the solvent but also from its interactions with other particles which strongly slow down its motion. These predictions given by Weissman and Pusey seem therefore in good qualitative agreement with our experimental findings for the slow mode.
For microemulsion systems, size polydispersity of droplets always exists due to thermal fluctuations ͓33͔. For a AOT/water/heptane system, Kotlarchyk et al. ͓34͔ have observed size polydispersity of 30% in agreement with theoretical predictions ͓33͔. In our system, since the surfaces of droplets are covered by a combination of an anionic and an non-ionic surfactants, fluctuations of the composition of the droplet surface and therefore of its charge may also exist ͓35-37͔. Hence, microemulsion systems differ therefore drastically from colloidal suspensions since the droplets can deform and eventually exchange matter with each other. Consequently, a possibility to equilibrate size or composition fluctuation in these systems, which does not exist for colloidal suspension, is through spontaneously thermally activated exchange of the oil or ionic surfactant molecules between dispersed domains ͓38͔. This process which involves the permeation of oil or surfactant from one droplet to another one should be energy activated since it involves the fusion of domains which requires the creation and destruction of necks.
Let us assume that the droplet charges and sizes remain frozen during the duration of our DLS experiments. The mechanism which can equilibrate droplet concentration fluctuations associated with charge and size is then the relative diffusion of droplets with different sizes and charges. Under this assumption, it then follows that the characteristic relaxation time associated to self-diffusion given in our experiments by ϳ Dq 2 ϳ 10 −5 s is much larger than p the characteristic time of permeation between droplets. Since an estimation of c , the collision time between two adjacent droplets is roughly given by c ϳ D 0 ͑d −2R͒ 2 ϳ 10 −8 s, it follows that the probability that two colliding droplets exchange matter is less than 1 / 1000, a result in good agreement with a previous result ͓12͔ which validates our assumption.
Since the slow mode is related to the self diffusion of droplets, the simplest picture to describe it is to consider that the droplet is in a cage. In this cage it behaves as an harmonically bound Brownian oscillator whereas the droplet diffuses over long time out of the cage with a diffusion constant D s ͓39,40͔. Within this picture, the slow mode, we observe, requires the escape of the droplet from its cage. The activation energy associated to this process should therefore strongly increase with d since the mean distance between adjacent droplets roughly varies as d −1/3 . This is exactly what we observe experimentally ͑see Fig. 7͒ interaction between particles makes it very difficult for a particle to escape its cage. Recall that a rigid particle can escape its cage only if the distance between two of its adjacent droplets increases transiently by more than one droplet diameter and a hole opens up. For microemulsion systems, shape deformation could occur when a particle escapes its confining cage. As a consequence, such a thermally activated process would not require in principle a hole larger than a droplet diameter. For attractive systems, such as for instance Baxter spheres, such a process is more favorable since attraction between neighboring droplets favors links between two droplets and therefore enhance density fluctuations in the neighboring crown, and consequently the opening up of holes ͓45͔. Experimentally, this is what is witnessed. Thus, the decrease of D s with d reported on charged silica spheres ͓46͔ is of the same order as the one we observe on our repulsive microemulsion droplets.
Let us now turn to another interesting point. For hard spheres and micelles a remarkable similarity between the slow diffusion coefficient D s ͑ d ͒ and the inverse of the low shear viscosity of the dispersion ͑ d , ␥ → 0͒ has been noted. Physically the following interpretation can be given. When a Brownian droplet is moving through the concentrated dispersion for some time, it feels on average a friction force arising not only from the solvent but also from the interactions with other droplets as well. Assuming that the total friction force obeys the Stokes equation with the solvent viscosity, s replaced by the dispersion low shear viscosity ͑ d , ␥ → 0͒ leads to the following relationship:
As experimentally shown, such a relation is valid for both atomic and molecular liquids, although the factor of 6 must be replaced by a factor of about 3 to yield an accurate agreement ͓47͔. lower than 0.03, a good agreement is obtained between the measured viscosity and Einstein's law, whereas above this value, deviations become important due to electrostatic and hydrodynamic interactions between droplets. As clearly shown in Fig. 8 , there is a strong correlation between both physical quantities. To conclude, a generalized Stokes-Einstein relationship seems valid for concentrated droplet microemulsion systems provided that the viscosity of the solvent is replaced by that of the solution. We believe that the occurrence of such relationships in many different systems calls for a clarification on theoretical grounds. 
